Oxidative stress plays a critical role in accelerating retinal pigment epithelial dysfunction and death in degenerative retinal diseases, including age-related macular degeneration. Given the key role of oxidative stressinduced retinal pigment epithelial cell death and secondary photoreceptor loss in the pathogenesis of agerelated macular degeneration, we hypothesized that a novel thiol antioxidant, N-acetylcysteine amide (NACA), might ameliorate cellular damage and subsequent loss of vision. Treatment of human retinal pigment epithelial cells with NACA protected against oxidative stress-induced cellular injury and death. NACA acted mechanistically by scavenging existing reactive oxygen species while halting production of reactive oxygen species by reversing lipid peroxidation. Furthermore, NACA functioned by increasing the levels of reduced glutathione and the phase II detoxification enzyme glutathione peroxidase. Treatment of mice exposed to phototoxic doses of light with NACA maintained retinal pigment epithelial cell integrity and prevented outer nuclear layer cell death as examined by histopathologic methods and rescued photoreceptor function as measured by electroretinography. These observations indicate that NACA protects against oxidative stress-induced retinal pigment epithelial and photoreceptor cell death in vitro and in vivo. The data suggest that NACA may be a novel treatment in rescuing retinal function and preventing vision loss secondary to retinal degenerative diseases, including agerelated macular degeneration. Retinal pigment epithelial (RPE) cells execute critical functions, including regulation of ion and metabolite transport, phagocytosis of shed photoreceptor outer segments (POSs), metabolism of retinol, formation of the outer blood-retinal barrier, and maintenance of the extracellular matrix.
Oxidative stress plays a critical role in accelerating retinal pigment epithelial dysfunction and death in degenerative retinal diseases, including age-related macular degeneration. Given the key role of oxidative stressinduced retinal pigment epithelial cell death and secondary photoreceptor loss in the pathogenesis of agerelated macular degeneration, we hypothesized that a novel thiol antioxidant, N-acetylcysteine amide (NACA), might ameliorate cellular damage and subsequent loss of vision. Treatment of human retinal pigment epithelial cells with NACA protected against oxidative stress-induced cellular injury and death. NACA acted mechanistically by scavenging existing reactive oxygen species while halting production of reactive oxygen species by reversing lipid peroxidation. Furthermore, NACA functioned by increasing the levels of reduced glutathione and the phase II detoxification enzyme glutathione peroxidase. Treatment of mice exposed to phototoxic doses of light with NACA maintained retinal pigment epithelial cell integrity and prevented outer nuclear layer cell death as examined by histopathologic methods and rescued photoreceptor function as measured by electroretinography. These observations indicate that NACA protects against oxidative stress-induced retinal pigment epithelial and photoreceptor cell death in vitro and in vivo. The data suggest that NACA may be a novel treatment in rescuing retinal function and preventing vision loss secondary to retinal degenerative diseases, including agerelated macular degeneration. ( Retinal pigment epithelial (RPE) cells execute critical functions, including regulation of ion and metabolite transport, phagocytosis of shed photoreceptor outer segments (POSs), metabolism of retinol, formation of the outer blood-retinal barrier, and maintenance of the extracellular matrix. 1 The RPE is subject to a particularly high level of oxidative stress from lipid peroxidation, 2 intense exposure to light, 3 extreme oxygen tension in the macular region, 4 and its role in the phagocytosis of POSs. 5 Lightinduced peroxidation of shed POS polyunsaturated fatty acids leads to the formation of toxic reactive oxygen species (ROS) and lipofuscin. These by-products induce recurrent oxidative damage in and around the RPE, lead to RPE cell death, and seem to activate the complement system. 6 -8 The photoreceptors, which rely on the underlying RPE for nutritional and metabolic support, 1 subsequently undergo secondary degeneration. As oxygen-using photoreceptors die, oxygen levels in the retina significantly increase due to lack of choroidal autoregulation. 9, 10 This results in additional oxidative damage to surrounding cells and further propagation of the vicious cycle. 11, 12 Secondary photoreceptor degeneration as a consequence of oxidative stress-induced RPE degeneration results in vision loss and is implicated in the pathogenesis of age-related macular degeneration (AMD). [13] [14] [15] [16] [17] AMD is the leading cause of irreversible visual impairment in the elderly, affecting 30 million to 50 million people worldwide. 18 Nonexudative or dry AMD accounts for 90% of disease prevalence. Drusen are deposits consisting of lipids with esterified and unesterified cholesterol found in Bruch's membrane early in the course of AMD. They are thought to be the result of RPE failure to process cellular debris associated with POS turnover, although recent evidence based on lipid composition may suggest another yet unknown vascular or metabolic source. 19 -21 Advanced nonexudative disease is characterized by diffuse RPE death, or geographic atrophy. Death of the RPE is accompanied by attenuation of overlying photoreceptors with concurrent visual impairment. [22] [23] [24] Wet AMD accounts for 10% of disease. In wet AMD, new blood vessels develop underneath the retina and lead to exudation of fluid and hemorrhage. Ultimately, loss of visual acuity in both forms of AMD results from progressive degeneration of the RPE, photoreceptors, and choriocapillaris caused by factors such as oxidative stress, phototoxicity, inflammation, and hemorrhage. 25 The only available treatment to slow the progression of visual loss in nonexudative or dry AMD includes vitamin and micronutrient supplementation, cessation of smoking, and possibly dietary modification. 26 In a large prospective trial, use of a combination of zinc and antioxidants, including ascorbic acid, ␣-tocopherol, and ␤-carotene, was found to reduce the risk of vision loss in patients with AMD by 25% over 6 years. 27 However, a recent in vitro evaluation of ascorbic acid demonstrated that it not only failed to protect RPE cells from oxidative stress-induced cell death but also potentiated cell damage at low concentrations, suggesting that a better treatment may be desirable. 28 There are striking similarities between anatomical changes found in light-damaged rodent retinas and those found in advanced atrophic AMD. 29 Ocular exposure to excessive light activates the visual transduction cascade, concurrently inducing RPE and photoreceptor cell death through phototoxic mechanisms. Apoptosis represents the primary mechanism of cell death in lightinduced retinal degeneration in animal models and in a large variety of human retinal diseases, including AMD, providing a valuable model for investigating oxidative stress-induced degenerative photoreceptor loss. 30 -34 The need for more effective treatments to prevent RPE and photoreceptor cell death and the progression of retinal degenerations, including nonexudative AMD, is critical because the prevalence of these diseases is expected to double in the coming decades. In this study, we evaluated the effect of oxidative stress on the RPE and the role of a novel thiol antioxidant, N-acetylcysteine amide (NACA), in preventing RPE cell death and maintaining RPE cell homeostasis. NACA has been demonstrated to be effective in multiple oxidative stress-related diseases. It has been shown to be more effective than its parent compound, N-acetylcysteine (NAC), because the neutral carboxyl group of NACA increases its ability to permeate cell membranes and the blood-brain barrier.
This allows NACA to be administered at a lower dose than NAC and prevents many adverse effects that are generally associated with NAC toxicity. [35] [36] [37] [38] [39] We further evaluated the ability of NACA to prevent photoreceptor and RPE cell death in vivo using a light-induced toxicity model in 129/SvlmJ mice.
Materials and Methods

Materials
The 
Cell Culture Conditions
ARPE-19 cells were grown in a DMEM:F-12 culture medium supplemented with 10% (v/v) FBS, to which 100 U/mL penicillin and 100 g/mL streptomycin were added. Cells were maintained in a 37°C incubator and were supplied with 95% air and 5% CO 2 . All the experiments were performed on cells below passage number 20.
Cell Viability Determination
ARPE-19 cell viability was determined using propidium iodide and annexin V-fluorescein isothiocyanate (FITC) cell staining (Pharmingen, San Diego, CA) followed by fluorescence-activated cell sorting (FACS) (Beckman Coulter, Fullerton, CA), where media only and staurosporine were used as negative and positive controls, respectively. Briefly, cells were washed twice in cold PBS and then were resuspended in 1X binding buffer at a concentration of 1 ϫ 10 6 cells/mL. A total of 100 L of the solution (1 ϫ 10 5 cells) was then transferred to a 5-mL culture tube, where 5 L of annexin V-FITC and/or 5 L of propidium iodide were added, depending on the sample. Cells were gently vortexed and incubated for 15 minutes at room temperature in the dark. Subsequently, 400 L of 1X binding buffer was added to each tube, and the tubes were immediately analyzed by flow cytometry. The calcein AM assay was additionally used to determine cell viability as noted. 40 ARPE-19 cells were seeded (12.5 ϫ 10 3 cells per well) and were allowed to attach for 12 hours in DMEM:F-12 media containing 1% FBS. For tert-butyl hydroperoxide (tBHP) cytotoxicity studies, media was replaced with fresh media or media containing various concentrations of tBHP and was incubated for 4 hours. For NACA cytotoxicity studies, the cells were incubated with various concentrations of NACA for 24 hours. Protective effects of NACA were studied by first preincubating cells with 5 mmol/L NACA in media for 24 hours, followed by cell washing and complete removal of NACA, with subsequent exposure to 0.4 mmol/L tBHP for 4 hours. Cells were immediately stained using the specified annexin V-FITC or propidium iodide protocol, as described previously herein, and were analyzed using FACS. 41 For the calcein assay, after the specified incubation times, the media was removed and the cells were incubated with 2 mol/L calcein AM solution in PBS for 30 minutes. Fluorescence was measured at excitation ϭ 485 nm and emission ϭ 530 nm.
ROS Measurement
Intracellular ROS accumulation was measured using the 2=,7=-dichlorofluorescein diacetate (Invitrogen, Carlsbad, CA) method. 42 Briefly, 12. 
Morphologic Assessment of ARPE-19 Cells
Changes in the overall cellular morphologic structure of cells in response to various treatments were observed and recorded using an inverted microscope (model CKX31SF; Olympus, Center Valley, PA).
Experimental Design for Oxidative Stress Parameters
Parameters, including reduced glutathione (GSH), malondialdehyde (MDA), and activities of glutathione peroxidase (GPx), were measured after the cells were treated as described later herein. Cells were seeded at a density of 1 ϫ 10 6 cells per T-25 flask and were allowed to attach for 12 hours in 1% FBS media. The flasks were divided into various groups as follows: i) control, ii) NACA only, iii) tBHP only, and iv) NACA and tBHP. The control and tBHP-only groups were incubated in plain media, whereas the NACA-only and NACA and tBHP groups were incubated with 5 mmol/L NACA. After 24 hours, the media in the control and NACA-only groups was replaced with plain media, while the remaining two groups were exposed to media containing 0.4 mmol/L tBHP for 4 hours. At the end of the treatment period, cells were collected by trypsinization and were washed once with PBS (pH 7.4). The cell pellets thus obtained were further processed for appropriate assays.
GSH Measurement
GSH was determined by reverse-phase HPLC. 43 The HPLC column was a 250 ϫ 4.6-mm i.d Reliasil ODS-1 C18 column (5-m packing material; Column Engineering, Ontario, CA). The mobile phase consisted of 70% acetonitrile, 30% water, 0.1% acetic acid, and 0. 
Determination of MDA
MDA levels were determined according to the method described by Draper et al. 44 Briefly, 550 L of 5% tricholoroacetic acid and 100 L of 500-ppm butylated hydroxytoluene in methanol were added to 350 L of the cell homogenate. The mixture was then heated in a boiling water bath for 30 minutes. After cooling on ice, the mixture was centrifuged, and the supernatant fractions were mixed 1:1 with saturated thiobarbituric acid. The mixture was again heated in a boiling water bath for 30 minutes. After cooling on ice a second time, 500 L of the mixture was extracted with 1 mL of n-butanol and was centrifuged to facilitate the separation of phases. The resulting organic layers were first filtered through 0.45-m filters and then were injected onto the HPLC system. The column used was a 100 ϫ 4.6-mm i.d C18 column (3-m packing material; Astec, Bellefonte, PA). The mobile phase used contained 69.4% sodium phosphate buffer, 30% acetonitrile, and 0.6% tetrahydrofuran. The fluorescent product was monitored at excitation ϭ 515 nm and emission ϭ 550 nm. MDA bis (dimethyl acetal), which gives MDA on acid treatment, was used as the standard.
GPx Activity
GPx activity was measured using the GPx colorimetric assay kit from OxisResearch (Foster City, CA). The cell pellets were homogenized in 50 mmol/L phosphate buffer (pH 7.4) containing 1 mmol/L EDTA. The homogenates were centrifuged at 8500 ϫ g for 10 minutes, and the supernatant thus obtained was used for the assay. In brief, the assay buffer, supernatant, and NADPH reagent (containing glutathione reductase, GSH, and NADPH) were taken in a cuvette, and the reaction was initiated by the addition of tBHP. The decrease in absorbance at 340 nm was recorded for 2 minutes, and the change in absorbance at 340 nm per minute from the initial linear portion of the curve was used to calculate the GPx enzyme activity. GPx activity was calculated using the extinction coefficient of NADPH (6220 M Ϫ1 cm Ϫ1 ) and is expressed as units per milligram of protein.
Transepithelial Electrical Resistance Measurement
ARPE-19 cells were seeded on transwell inserts and were allowed to grow until confluence. Media in inserts was replaced with either plain media or 5 mmol/L NACA, and cells were incubated for 24 hours. The bottom plate wells always contained plain media. After 24 hours, the media in inserts was replaced with plain media or 0.4 mmol/L tBHP and was incubated for 24 hours. At the end of the incubation period, transepithelial electrical resistance (TEER) was measured using an EVOM voltohmmeter and STX2 electrode (World Precision Instruments, Sarasota, FL). Blank resistance (insert without cells) was subtracted from the resistance reading across cell monolayers to obtain the true resistance.
Determination of Protein
The protein levels of the cell samples were measured by the Bradford method. 45 Bovine serum albumin was used as the protein standard.
Animal Research
All the animal experiments were approved by the Animal Studies Committee at Washington University School of Medicine, and mice were treated in accordance with the recommendations of the Association for Research in Vision and Ophthalmology. Litters of 8-week-old 129/SvlmJ mice (The Jackson Laboratory) were given i.p. injections of NACA (250 mg/kg in PBS) versus PBS alone 1 day before and 1 day after light exposure. The mice were subsequently dark-adapted overnight. The following day, the mice were dilated with 0.5% cyclogyl and 5 minutes later with 2.5% phenylephrine hydrochloride and then were placed back in the dark for 30 minutes. They were then exposed to 13,000 lux of light for 4 hours, with redilation at 2 hours. The mice were placed in the dark for 24 hours after light exposure, followed by a normal 12-hour light to dark cycle. Six days after light exposure, the mice underwent full-field electroretinography (ERG) using a UTAS-E 3000 Visual Electrodiagnostic System (LKC Technologies, Gaithersburg, MD). 46, 47 Mice were anesthetized by i.p. injection of a mixture of 86.9 mg/kg ketamine and 13.4 mg/kg xylazine. The recording electrode was a platinum loop placed in a drop of methylcellulose on the surface of the cornea; a reference electrode was placed subdermally at the vertex of the skull and a ground electrode under the skin of the back or tail. Stimuli were brief white flashes delivered via a Ganzfeld integrating sphere, and signals were recorded with bandpass settings of 0.3 Hz to 500 Hz. After a 10-minute stabilization period, a scotopic intensity series was recorded that included rod-specific and scotopic bright flash responses. After a 10-minute light adaptation period on a steady white background, a photopic intensity series was recorded. Scotopic and photopic b-wave amplitudes and scotopic a-wave amplitudes were recorded for all flash intensities. After the recordings were completed, the mice were euthanized, a mark was placed at 12:00 at the corneal limbus, and the eyes were removed and embedded and fixed in 4% paraformaldehyde. Sections were cut parallel to 12:00 meridian through the optic nerve and were stained with H&E. With the observer masked with respect to treatment group, outer nuclear layer (ONL) thickness was measured at eight defined points along the vertical meridian. The optic nerve head was used as a reference point, and in the superior and inferior hemispheres, the distance between each point was 100 m.
Statistics
All values are reported as mean Ϯ SE of multiduplicates (run in at least triplicate). Statistical significance was calculated using an unpaired two-tailed t-test. Results with P Ͻ 0.05 were considered statistically significant.
Results
tBHP Increases ROS, Leading to Oxidative Stress and Cell Death in ARPE-19
To investigate RPE cell viability in response to tBHP treatment, we used FACS with annexin V-FITC and propidium iodide-labeled ARPE-19 cells. A dose-dependent decrease in cell viability was observed to occur with RPE cell exposure to tBHP (P Ͻ 0.0001; Figure 1A ), which was confirmed using a calcein AM assay. Based on the doseresponse relationship, incubation of cells in 0.4 mmol/L tBHP for 4 hours was determined to be optimal in evaluating potential cell rescue with NACA. To further substantiate the role of tBHP in RPE cell death through oxidative stress, ROS levels were measured. An increase in the production of ROS in ARPE-19 cells was seen with exposure to tBHP (P Ͻ 0.0001; Figure 1B ).
NACA Is Nontoxic to ARPE-19 Cells
To evaluate whether measured changes in cell response were due to an induction of stress by NACA, cells were incubated in NACA at various concentrations over a 24-hour period, after which cell viability was assessed using FACS. There were no statistically significant differences measured between the media-only group and any of the NACA concentrations after 24-hour incubation. ROS levels were measured in ARPE-19 cells incubated in NACA for 24 hours. There was no statistically significant difference in ROS levels between cells preincubated in NACA versus controls (data not shown).
Maintenance of Cellular Homeostasis and Prevention of Oxidative Stress-Induced Cell Damage and Death
To evaluate whether NACA could protect against the severe oxidative stress and cell death induced by tBHP, sequential exposure of ARPE-19 cells was tested. NACA preincubation was shown to rescue RPE cells from tBHPinduced oxidative stress and cell death as demonstrated by a 322% increase in cell survival found in NACA pretreated cells compared with cells exposed to tBHP without NACA preincubation (P Ͻ 0.00001; Figure 2A ). In addition, no significant difference was found between tBHP-exposed cells preincubated in NACA and negative controls. The overall cellular homeostasis and integrity of the tBHP-exposed RPE cells were then evaluated by cell morphologic analysis, as seen by conventional microscopy. Figure 2B demonstrates that NACA preincubation allows gross maintenance of cellular morphologic features and cell attachment even after toxic exposure to tBHP. To further evaluate the cellular integrity of ARPE-19 cells, TEER was assessed. Reductions in TEER represent an early expression of cell damage. We found that ARPE-19 exposure to tBHP significantly decreased TEER compared with controls, whereas pretreatment with NACA prevented any tBHP-induced decrease in TEER (P Ͻ 0.0001 for both; Figure 3) . 
Preservation of RPE Cellular Homeostasis and Reversal of Lipid Peroxidation
To evaluate the ability of NACA to prevent tBHP-induced ROS proliferation, ARPE-19 cells were incubated in NACA, after which a reliable ROS-detecting reagent was loaded into the cells before exposure to tBHP. 42 Levels of ROS production in tBHP-exposed cells pretreated with NACA were significantly reduced compared with those in the tBHP-treated group without NACA preincubation (P Ͻ 0.01; Figure 4A ). To investigate whether NACA affects lipid peroxidation in RPE cells, we measured MDA levels in ARPE-19 cells. Figure 4B depicts MDA levels in cells treated with tBHP with and without pretreatment using NACA. Cells treated with tBHP have significantly higher levels of MDA compared with NACA pretreated cells exposed to tBHP (P Ͻ 0.01). Pretreatment of cells with NACA before tBHP exposure prevented any increase in MDA levels above control.
NACA Increases Levels of Cellular GSH and Induces GPx
The effects of NACA on cellular GSH and the critical phase II antioxidant enzyme GPx were investigated using reversephase HPLC 43 and a GPx colorimetric assay kit. Cell exposure to 0.4 mmol/L tBHP for 4 hours resulted in a 75% decrease in GSH levels compared with controls (P Ͻ 0.001; Figure 5A ). NACA-preincubated cells exposed to tBHP demonstrated cellular GSH levels greater than those of controls and significantly greater than with tBHP exposure alone (P Ͻ 0.001; Figure 5A ). Cells pretreated with NACA (without exposure to tBHP) also showed significantly increased levels of GSH compared with controls, a trend previously seen with NACA exposure in other cells (P Ͻ 0.001; Figure 5A ). 36 tBHP was further shown to cause a dramatic decline in GPx activity (P Ͻ 0.01; Figure 5B ). NACA preincubation before tBHP exposure caused a significant improvement in GPx activity in cells to near baseline levels (P Ͻ 0.001; Figure 5B ). MDA levels in tBHPexposed cells. Cells were pretreated with 5 mmol/L NACA for 24 hours, followed by exposure to tBHP. The control media group was incubated in media for 28 hours, The NACA group was exposed to NACA for 24 hours, followed by media alone for 4 hours. Cells were collected, and MDA levels, a biomarker that measures the level of oxidative stress in a cell due to lipid peroxidation, were measured. *P Ͻ 0.01. Error bars represent SE.
Prevention of Oxidative Damage, Photoreceptor Cell Death, and RPE Cell Damage in Vivo
A model of light-induced toxicity with 129/SvlmJ mice was used to investigate the ability of NACA to prevent photoreceptor death in vivo. The mice were treated with an i.p. injection of vehicle only or vehicle containing NACA (250 mg/kg) 24 hours before and 24 hours after light exposure. Mice were then euthanized 6 days after light exposure, and retinal sections were evaluated by a masked observer. Specific attention was given to the photoreceptor cell body density in the ONL at eight locations. Results at all eight measurement locations demonstrate significant preservation of photoreceptor cell density in the ONL of mice treated with NACA compared with controls (P Ͻ 0.01 for each location; Figure 6 ). Further evaluation of the RPE by a masked observer using a ϫ630 confocal microscope demonstrated significant preservation of RPE integrity in NACA-pretreated lightexposed mice compared with vehicle-treated light-exposed mice (Figure 7) .
Preservation of Visual Potential and Photoreceptor Function
To investigate the effect of NACA on light-induced retinal dysfunction, ERG evaluation was performed on light-unexposed mice and 6 days after light exposure in NACA and vehicle-treated mice. Light exposure of vehicletreated mice led to a significant reduction in the mean Ϯ SE peak amplitudes of scotopic a-wave (127.8 Ϯ 29. 
Discussion
Oxidative stress is believed to play a fundamental role in the pathogenesis of AMD and other retinal degenerations. 6, 48, 49 Patients with late AMD have been shown to have significantly lower antioxidant enzyme levels and higher lipid peroxidation by-product levels compared with patients with early AMD (P Ͻ 0.001 for each). 50 The role of oxidative stress in AMD has been further supported by several epidemiologic studies. 26, 27, 51, 52 Although studies have demonstrated protection of RPE cells from oxidative stress-induced cell death in vitro, none have shown maintenance of RPE cell homeostasis. In addition, to our knowledge, no compound shown to be successful in RPE cell rescue against oxidative stress in vitro has also demonstrated protection against photoreceptor and RPE degeneration and loss of visual potential in vivo. We hypothesized that a more robust antioxidant, such as NACA, might prevent RPE and photoreceptor cell death in retinal degenerations, including AMD. We evaluated the potential of the novel thiol antioxidant, NACA, to prevent oxidative stress-related damage in vitro A: GSH level was quantified in cells treated for 24 hours with media, NACA, or tBHP and in cells pretreated with NACA and exposed to tBHP. B: GPx activity was measured in cells treated as described previously herein. *P Ͻ 0.001; **P Ͻ 0.01. Error bars represent SE.
and in vivo. NACA was generated as an antioxidant with greater potential to cross the blood-brain barrier and cell membranes due to the substitution of an amide group in place of the carboxyl group in its parent compound, NAC. Studies using NACA have confirmed these properties, demonstrating its ability to penetrate the cell membrane significantly better than other antioxidants, including NAC, vitamin E, and carotenoids. 39, 53 It scavenges free radicals directly and indirectly by providing GSH, substitutes itself for depleted GSH, and chelates Cu2 ϩ , ultimately preventing catalyzation of ROS formation. 54 In this study, we demonstrate that NACA protects RPE cells against oxidative stress-induced cell damage in vitro. We used the ARPE-19 cell line, a spontaneously arising human RPE cell line with normal karyologic features that has structural and functional properties characteristic of RPE cells in vivo. 55 tBHP was used as the oxidant, causing oxidative stress in cells by inducing free radicals, decreasing GSH, and promoting lipid peroxidation, 56 -58 all thought to be essential in the pathogenesis of retinal degenerations, including AMD. 6 tBHP triggers RPE cell death by induction of the apoptotic signaling cascade through severe oxidative stress. 59 tBHP increased ROS in a dose-dependent manner, leading to severe oxidative stress, and, ultimately, cell death in ARPE-19 cells. NACA was nontoxic to the RPE cells even at high concentrations. NACA preincubation robustly prevented ARPE-19 oxidative stress-induced cell death from tBHP. No significant differences were found between NACA-preincubated cells exposed to tBHP and those exposed only to media throughout the experiment, an unprecedented finding in ARPE-19 antioxidant cell rescue experiments.
To further establish the ability of NACA to protect RPE health from oxidative stress, cellular integrity after tBHP exposure was measured using TEER. TEER provides a measurement of movement of ions across the paracellular pathway. TEER assessment has proved to be a successful model in predicting how oxidative stress damage to a monolayer affects the presence and stability of tight junctions and barrier function and how particular compounds are able to prevent this damage. 60 A vital function of the RPE in vivo is the formation of the outer blood-retinal barrier, essential to retinal health. A decline in RPE monolayer cellular homeostasis and tight junction integrity places the RPE at risk and leads to barrier impairment. This exposes the retina to detrimental entities and can cause retinal degeneration and damage and become a nidus for neovascularization. NACA prevented a tBHP-induced decrease in TEER, verifying its ability to protect cellular homeostasis and outer blood-retinal barrier integrity under severe oxidative stress conditions.
In RPE cells, damage to molecules in the POSs occurs as a result of free radical chain reactions initiated by oxygen or light metabolism. Lysosomal enzymes in the RPE fail to digest lipid peroxidation-modified POSs, preventing molecular degradation. 61 The result is an accumulation of lipofuscin in the RPE that reduces cytoplasmic space and cell volume available to organelles, further decreasing the cell's potential to phagocytose additional POSs. Each RPE cell must continue to engulf spent POSs for life, with undigested residual bodies added to an exponentially growing stockpile of lipofuscin. 62 Accumulation of lipofuscin is a hallmark of aging in metabolically active postmitotic RPE cells and induces their degeneration. [63] [64] [65] Deposition of excess lipofuscin and its peroxidized lipids in the surrounding Bruch's membrane manifests as drusen, a classic early clinical finding in AMD. 66 NACA prevented ROS propagation and completely reversed lipid peroxidation as measured by MDA, a biomarker that measures the level of oxidative stress in a cell due to lipid peroxidation. 67 These results are even more critical in light of recent literature demonstrating significant increases in human plasma and erythrocyte MDA levels in patients with AMD that directly correlate with disease severity. 50 Accumulation of ROS-laden lipofuscin granules, combined with elevated local oxygen tension, high polyunsaturated lipid content, focused light exposure, and secondary photosensitizing agents that accumulate with aging, creates a severe oxidative stress environment for the RPE. This leads to a significant reduction in levels of GSH, the most critical antioxidant and redox buffer of cells. 68, 69 The decline in GSH seen with oxidative stress creates a redox imbalance that enhances cell susceptibility to injury and ROS-induced apoptosis. Altering the redox state to a more reduced level by adding GSH has been shown to decrease sensitivity of RPE cells to apoptosis from ROS. 70 NACA prevented oxidative stress and cell damage in RPE cells by increasing levels of cellular GSH and inducing the critical phase II detoxification enzyme GPx, a selenoenzyme that reduces each peroxide molecule to two waters and oxidatively couples two GSH molecules. NACA has been shown to reduce apoptosis by inhibiting the p38 mitogen-activated protein kinase/ inducible nitric oxide synthase pathway, likely leading to , and photopic b-wave (C) demonstrating significant reductions in ERG responses in all waveforms comparing vehicle-treated unexposed mice with vehicle-treated light-exposed mice (P Ͻ 0.01 for all). Pretreatment with NACA prevented significant reductions in all ERG waveform peak amplitudes compared with vehicle-treated light-exposed mice and further prevented significant reduction in all ERG waveform peak amplitudes compared with unexposed mice (P Ͻ 0.05 for all). n ϭ 6. (Standard flash 0 dB ϭ 3.0 cds/m induction of the nuclear factor erythroid 2-related factor. 71 NACA-induced nuclear factor erythroid 2-related factor activation would yield increased GSH and ultimate induction of the GPx catalytic cycle, as demonstrated in the results. 72 This is vital in light of evidence using in vivo models of oxidative damage-induced retinal degeneration that independent increased expression of GPx provides powerful protection of retinal structure and function. 73 Human evidence further demonstrates that GPx activity is significantly lower in the red blood cells and plasma of patients with AMD maculopathy than in control subjects. 50 Protecting the RPE from oxidative damage is critical in the treatment of retinal degeneration, but the ultimate goal is the preservation of retinal photoreceptors. A shared feature between RPE and photoreceptor cell damage as well as apoptosis seems to be light-induced ROS production, generated by rhodopsin bleaching or from toxic compounds, such as A2E. 74 Photoreceptors have demonstrated significantly increased vulnerability to death during aging, likely related to this ROS production and resultant oxidative stress. [75] [76] [77] The 129/SvlmJ light-induced toxicity mouse model of retinal degeneration enabled investigation of the potential for NACA to slow photoreceptor degeneration and rescue visual potential in vivo. NACA demonstrated the ability to prevent oxidative damage and slow photoreceptor cell death as measured by ONL cell density and RPE cell integrity. Although histologic analysis is generally limited to small regions in the retina, ERG can measure a complete retinal response of surviving cells. NACA demonstrated preservation of visual potential and photoreceptor function in the 129/SvlmJ mouse as measured by scotopic a-wave, scotopic b-wave, and photopic b-wave ERG. Furthermore, there was no difference in ERG waveforms comparing light-unexposed mice and NACA-pretreated lightexposed mice. The results, therefore, illustrate that NACA can prevent photoreceptor degeneration and loss of visual potential in vivo.
Overall, NACA shows remarkable protection of RPE and photoreceptors against oxidative cell damage and death, in vitro and in vivo. In conjunction with the considerable evidence supporting the role of oxidative stress in the pathogenesis of multiple significant blinding retinal disease processes, including AMD, and NACA's superior chemical properties and bioavailability, this compound may be a critical agent in the delay or prevention of retinal degenerative diseases.
With the prevalence of AMD and other retinal degenerations expected to double in the coming decades, the need for more effective therapy to prevent its progression is imperative. Additional work is needed to find an optimized regimen of NACA dosing and to elucidate further mechanisms through which NACA can act to prevent oxidative stress and cell death in the RPE and photoreceptors. Because NACA has been proved successful as an oral medication in previous mouse studies, the potential for a readily available oral medication to prevent or even slow the progression of AMD is promising.
